Twenty-eight new phrymarolin derivatives, including twenty-one ethers, six esters and a dehydroxy phrymarolin, were prepared from phrymarolin I and the structures of all the derivatives were confirmed by 1 H NMR and 13 C NMR spectroscopic and MS data analyses. Larvicidal activities of these phrymarolin analogues were assayed against 4 th instar larvae of Culex pipiens pallens. The ester derivatives of phrymarolin showed lower larvicidal activity than phrymarolin I, but some of the ether derivatives and dehydroxy phrymarolin showed much higher activity. Two ether derivatives, 1-18 and 1-19, showed significant larvicidal activity with LC 50 values of 1.89 and 7.78 mg/L, respectively.
Mosquitoes are significant public health pests for humans and domesticated animals, responsible for spreading serious vectorborne diseases like malaria, filariasis, epidemic encephalitis, yellow fever, and dengue. A significant increase in the quality of life over the recent decades stems from the successful control of mosquitoes with synthetic chemical pesticides [1] . However, the rising resistance to available synthetic pesticides, combined with their adverse side effects to humans and to the environment, is driving us to search for new alternative insecticides. Investigation of natural products with insecticidal activities from plants may lead to the discovery of novel insecticides, as in the case of pyrethroids. The herbaceous perennial plant, Phryma leptostachya L., is widely distributed in the Himalayas, temperate Asia and northeast America, and has been traditionally used as a natural insecticide in East Asia [2] [3] [4] [5] [6] [7] . As part of an ongoing effort to identify potential pesticide molecules derived from natural products it was shown that lignans are the main active components of P. leptostachya, and phrymarolin I is a representative member of the lignans isolated from this plant [5] [6] [7] [8] . In this paper, the synthesis and larvicidal activity of novel derivatives of phrymarolin I against Culex pipiens pallens are described. This mosquito is the one most commonly found in houses of northern China and the primary vector of filariasis and epidemic encephalitis.
The synthesis of phrymarolin I derivatives was carried out according to the method outlined in Scheme 1. Deacetylphrymarolin I (compound 1) was obtained from phrymarolin I by treatment with MeONa, deoxyphrymarolinⅠ(compound 1-1) from compound 1 via Barton-McCombie deoxygenation, and compounds 1-2-1-7 and compounds 1-8-1-28 from compound 1 by treatment with the appropriate anhydride and halohydrocarbon. Column chromatographic purification afforded the target molecules.
Fourth instar larvae of Culex pipiens pallens were used as test insects and the concentration of the test compounds was 20 ppm. Mortality was recorded after 12 hours. When the mortality produced the test compound was above 50%, its LC 50 was determined. Data from mortality and the effect of concentrations were subjected to analysis of variance. The percentage data obtained was angular transformed. Differences between the treatments were determined by Tukey's test (P < 0.05). The larvicidal activity results are given in Tables 1 and 2 .
Twenty-eight phrymarolin derivatives, including twenty-one ethers, six esters and dehydroxyphrymarolin were prepared from phrymarolin I and the structures of all the new derivatives were confirmed by 1 H NMR and 13 C NMR spectroscopic and MS data analyses. Larvicidal activities of these phrymarolin analogues were assayed against 4 th instar larvae of Culex pipiens pallens. The ester derivatives of phrymarolin showed lower larvicidal activity than phrymarolin I, but the ether derivatives and dehydroxy phrymarolin showed much higher activity. Two ether derivatives (1-18 and 1-19) showed significant larvicidal activity with LC 50 values of 1.89 and 7.78 mg/L, respectively. Examination of structure-activity relationships suggested that small ether groups introduced at C-11 of phrymarolins may enhance their larvicidal activity because of beneficial solubility and steric effects.
Experimental
General: Melting points were measured on an electrothermal digital apparatus and are uncorrected. 1 spectrometer with CDCl 3 as solvent and TMS as the internal standard. MS were recorded under ESI conditions using a Thermo LCQ Fleet instrument. Optical rotations were measured using a Rudolph Autopol II. Analytical thin layer chromatography (TLC) was carried out on precoated plates (silica gel), and compounds were visualized with H 2 SO 4 /EtOH. Yields were not optimized. Solvents were dried by standard methods. The title compounds were synthesized under a nitrogen atmosphere.
Synthesis of deoxyphrymarolinⅠ (compound 1-1):
NaH (50 mg, >1 mmol) was added to a solution of deacetylphrymarolin I (92 mg 0.2 mmol) in dry tetrahydrofuran (50 mL) at room temperature. The reaction mixture was stirred for 30 min. Then, carbon disulfide (0.2 mL) was added dropwise to the mixture. After the addition, the stirring was continued for a further 30 min at room temperature, and the process was monitored by TLC. After completion, iodomethane (0.2 mL) was added dropwise to the mixture. The resulting mixture was stirred overnight at room temperature. After the reaction was completed, as monitored by TLC, the reaction mixture was poured into 50 mL saturated ammonium chloride and extracted with ethyl acetate (50 mL×3). The organic layers were washed with 30 mL water and 5 mL saturated sodium chloride, dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure, and the residue was dissolved in benzene. Then, azodiisobutyronitrile (16.4 mg, 0.1 mmol) and tributyltin hydride (87 mg, 0.3 mmol) was added to the solution. The reaction mixture was stirred and refluxed overnight, and the process was monitored by TLC. After completion, 20 mL saturated sodium bicarbonate was added. Then, 100 mL water was added to the mixture, extracted with ethyl acetate (150 mL × 3). The organic layers were washed with 50 mL water and 30 mL saturated sodium chloride, dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure, and the residue was purified by column chromatography (silica gel, 200~300 mesh) to yield compound 1-1 as white powder. MP: 126-128°C α : + 153.15 (0.1, MeOH). 1 
Synthesis of compound 1-2:
A mixture of compound 1 (92 mg, 0.2 mmol) and propionic anhydride (1 mL) in dry pyridine (Pyr, 20 mL) was stirred and refluxed overnight. 1 mL methanol was added to the reaction mixture to quench the reaction.Then, 50 mL water was added to the mixture. The resulting mixture was extracted with ethyl acetate (50 mL×3). The organic layers were washed with 30 mL water, 5 mL saturated sodium chloride, dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure, and the residue was purified by column chromatography to yield the compound 1-2 as a white powder. MP: 60-62°C α : + 48.39 (0.1, MeOH).
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The procedure for the preparation of compounds 1-3 ～ 1-7 is the same as compound 1-2.
Synthesis of compound 1-8: NaH (50 mg, >1 mmol) was added to a solution of compound 1 (92 mg, 0.2 mmol) in dry tetrahydrofuran (50 mL) at room temperature. The reaction mixture was stirred for 30 min. Benzyl chloride (0.2 mL) was added to the mixture dropwise, and the resulting mixture was stirred overnight at room temperature. When the reaction was completed according to TLC analysis, the reaction mixture was poured into 50 mL saturated ammonium chloride and extracted with ethyl acetate (50 mL×3). The organic layers were washed with 30 mL water and 5 mL saturated sodium chloride, dried over anhydrous sodium sulfate. The solvent was removed under reduced pressure, and the residue was 
